ABSTRACT Aggregation behavior of adult western spotted cucumber beetles (Diabrotica undecimpunctata undecimpunctata Mannerheim) (Coleoptera: Chrysomelidae) was examined in six snap bean (Phaseolus vulgaris) Þelds adjacent to corn Þelds in western Oregon in 2004 Ð2006. In the 2004 and 2005 studies, sweep net sampling was used to estimate beetle numbers along transect lines running perpendicular to the edges of the bean Þelds next to sweet corn Þelds. Beetles were collected from the Þelds and dissected to determine sex and egg development. Beetles were highly aggregated along the edge of the snap bean Þeld next to the sweet corn, with the highest number of beetles occurring within the Þrst meter next to the edge. Beetles in the aggregation areas were mostly females (average female to male ratio of 8.4 to 1), whereas beetles in the Þeld section away from the edges were mostly male (female to male ratio of 0.6 to 1). Of the females collected in the aggregation areas, an average of 53% contained developing or fully developed eggs. In the 2006 study, beetle densities in the Þeld edges were compared with densities within the Þelds in 40 bean Þelds with adjacent corn Þelds. Linear regression analysis showed that, across Þelds, nearly two times as many beetles were found in the Þeld borders as in the rest of the Þeld. These data suggest modifying traditional Þeld scouting protocol to include Þeld margins when a bean Þeld is adjacent to or near a sweet corn Þeld. A pest management strategy of only spraying the edges of bean Þelds containing beetle aggregations shows potential for signiÞcant pesticide reduction, as well as reducing risk of economic loss from crops harvested from the highly aggregated areas.
Agroecosystems can be characterized as a changing mosaic of habitats that vary through time in their attractiveness and suitability to insect pests and their natural enemies (Kennedy and Storer 2000) . Spatial and temporal patterns of crop and noncrop placement and phenology in the landscape are major determinants of the population dynamics of many important pest species (Lincoln and Isely 1947 , Stinner et al. 1982 , Kareiva and Wennergren 1995 . The ability of a polyphagous pest species to move among habitat patches and locate suitable hosts inßuences the location of damaging populations at the individual Þeld level, as well as the stability of the metapopulation at the landscape level. Understanding insect pest movement and aggregation behavior within agricultural landscapes can show opportunities for novel pest management strategies.
The western spotted cucumber beetle, Diabrotica undecimpunctata undecimpunctata Mannerheim (D. soror Lec.), is a major pest of vegetable, ornamental, forage, and fruit crops west of the Rocky Mountains.
Western spotted cucumber beetle is a polyphagous herbivore both as an adult and as larvae. Adults have been reported to feed on Ͼ50 cultivated crops (Sell 1915) , including alfalfa, apple, beans, beets, cherry, clover, cucurbits, lettuce, potato, radishes, sweet corn, many ornamental trees, shrubs, and ßowers. The larva, known as the corn rootworm, develops on corn roots, as well as many grass species, alfalfa, and sweet peas (Essig 1926) .
In western Oregon, western spotted cucumber beetles overwinter as adults but remain active when temperatures are Ͼ50ЊF. (Rockwood and Chamberlin 1943) . These authors reported aggregations of beetles in the Oregon Willamette Valley in "hibernation caches," on south and southwest slopes near water, seepage spots, or swampy areas. In our studies, we observed aggregations of adult beetles in overwintering spinach, sugar beet, and volunteer radish seed Þelds (J.M.L., unpublished data). In the spring, gravid females move out of overwintering sites and feed on a wide array of ßowering weeds and crop plants before laying eggs in Þelds containing suitable host plants. In the Willamette Valley, early-planted sweet corn (April to May) serves as a major host for the western spotted cucumber beetle larvae during May and June. The summer generation of western spotted cucumber beetle adults emerges in late June to early July. In western Oregon, this time of year normally coincides with the onset of the dry summer season and the drying down of grass Þelds. In California, Michelbacher et al. (1941) and Smith and Michelbacher (1949) reported western spotted cucumber beetles moving into irrigated areas as the uncultivated and nonirrigated regions began to dry up. In the Willamette Valley, irrigated vegetable crops such as snap beans, cucurbits, and broccoli, as well as various weed species (e.g., Amaranthus retroflexus L. and Chenopodium album L.) serve as food resources for the adult beetle during this period. The beetles typically cause only cosmetic damage to broccoli and cucurbits but are considered the primary insect pest of processed snap beans in the Willamette Valley. More than 7,000 ha of snap beans are grown in the Valley (DeFrancesco 2005), and insecticides are commonly applied to prevent bean beetle damage to the bean pods. Although the feeding by adult beetles on bean pods generally does not reduce crop yield, the cosmetic damage to the bean can reduce marketability, and excess damage can cause Þelds of beans to be rejected by the cannery.
In 2004, we initiated a pilot integrated pest management (IPM) scouting project in snap beans in the mid-Willamette Valley to evaluate infestation levels of the western spotted cucumber beetles and the risk of damage to the crop (Luna 2006) . During the course of this scouting project, we discovered what seemed to be aggregations of western spotted cucumber beetle adults along the edges of several bean Þelds that were planted adjacent to sweet corn Þelds. Although Campbell and Nixon (1921) noted severe defoliation and pod feeding, "especially near the edges of the Þeld," there have been no other studies reporting aggregation patterns along Þeld edges. Weinzierl et al. (1987) used IwaoÕs patchiness regression (Iwao 1968) and TaylorÕs power law coefÞcients (Taylor 1961) to model spatial distribution of western spotted cucumber beetle adults in bean Þelds. Using sweep net sampling to estimate population abundance, these authors reported populations to be "slightly clumped." However, using absolute density sampling methods, populations were reported to be randomly distributed.
In the study reported here, we evaluated aggregation behavior of western spotted cucumber beetle adults along Þeld edges next to corn Þelds and describe implications for IPM sampling plan design and modiÞed insecticide applications. Our objectives were centered around three main questions, including the following.
(1) Do western spotted cucumber beetle adults aggregate along the margins of snap bean Þelds adjacent to corn Þelds? (2) If so, can the aggregation distributions be adequately described by statistical modeling? (3) Does this speciÞc aggregation behavior occur frequently in the agricultural landscape and can it be predicted?
Materials and Methods

-2005 Study.
We used scouting data from the IPM project described above (Luna 2006) to identify six bean Þelds (three in 2004 and three in 2005) that were adjacent to sweet corn Þelds. Sweep net sampling from the scouting program indicated the presence of higher numbers of beetles at the cornÐ bean interface in these Þelds. Bean Þelds varied in size from 5 to 11 ha and were located within 14 km of Salem, OR. Sampling occurred between 1000 and 1400 hours each day. In 2004, sampling was conducted between 21 and 28 July and in 2005 between 15 and 25 July.
In each Þeld, eight equidistant transect lines were established running the length of the bean Þeld perpendicular to the cornÐ bean interface. A 38-cm-diameter sweep net was used to estimate western spotted cucumber beetle abundance in the bean Þeld, with a sample consisting of 10 sweeps Ϸ25 cm deep across two bean rows (Weinzierl et al. 1987) . Along each transect line, samples were taken at 1, 8, 15, 23, and 30 m from the edge of the Þeld next to the corn, with an additional four samples taken at randomly selected locations along each transect line in the remaining portion of the Þeld, for a total of nine samples per transect line. In 2005, one Þeld (Þeld F in Fig. 1 ) was bordered by sweet corn on two sides. Transect sampling was conducted in the beans as described above, running perpendicular to corn-1. However, an additional set of eight transect lines was established perpendicular to corn-2, and sweep net sampling was conducted at 1, 8, 5, and 23 m from the Þeld edge.
In each Þeld, 50 Ð100 beetles were collected from the area of aggregation in the Þrst two bean rows along the cornÐ bean interface. Beetles were placed in plastic bags, returned to the laboratory, and frozen. Beetles were dissected within 48 h, sex was determined (presence or absence of the spermatheca), and egg development was rated within females. The rating scale for egg development stage was as follows: (0) no eggs present, (1) translucent egg clusters are detected in the ovarioles, (2) egg clusters are more distinct, larger, and not as translucent, and (3) eggs are large and well developed with distinct chorion, reddish in color. Each year, one additional bean Þeld was identiÞed that contained aggregations of beetles along a beanÐ corn interface. Beetles were collected from the Þrst two rows of the bean Þeld and returned to the laboratory for sex and egg development determination. In 2005, in two of the Þelds where aggregation sampling occurred, additional beetle collections were made in the remaining area of the Þeld and returned to the laboratory for sex and egg development determination. Voucher specimens are housed at the Oregon State University Arthropod Collection, 4082 Cordley Hall, Corvallis, OR 97331.
To evaluate the potential impact of the beetle beanÐ corn interface aggregations at the landscape level, GPS coordinates were obtained of all bean and corn Þelds grown in 2005 by the members of Norpac Foods, a cooperatively owned vegetable processing company in Oregon. Data were mapped using ArcGIS 9 software (ESRI 2004) , and query utilities were used to estimate the percentage of bean Þelds that had corn Þelds within 20 m of any edge of the bean Þeld.
Data Analysis. The traditional approach of Þtting Þeld data to a Poisson or negative binomial distribu-tion is usually used to obtain information about the overall distribution of organisms in the Þeld, e.g., are they randomly distributed or clumped? Instead, we chose a more descriptive, Þeld-speciÞc model to describe actual distributions within each Þeld. A random coefÞcient modeling technique was used to analyze the data from the transect sampling of the six Þelds in 2004Ϫ2005. The purpose was to determine the best statistical model to describe the distribution of beetles within the Þelds. The analyses were carried out using PROC MIXED (SAS Institute 2004). For each Þeld, the square rootÐtransformed western spotted cucumber beetle counts was Þtted with a two-piece linear random coefÞcient model: one for observations taken at 1, 8, 15, 23, and 30 m from the edge of the Þeld next to the corn, and the other one for the observations Ͼ30 m away from the edge. The square root transformation was performed to homogenize variance such that normal distribution assumption is satisÞed. A two-piece model was used here because there was evidence that the western spotted cucumber beetle abundance changes unevenly along the transect line with a faster decreasing rate near the edge of the Þeld next to the corn. This can not be adequately explained by a single linear random coefÞcient with the same slope and interceptor along the whole transect line. Another important feature of this model is that, unlike the classic linear models, the coefÞcients here are allowed to vary among different transect lines according to some probability law. This feature efÞciently takes into account the variations in different transect lines.
To be more speciÞc, let ⌼ ij be the square root of western spotted cucumber beetle counts observed at the jth location along the ith transect line for one Þeld and X ij be its distance to the edge of the Þeld. The two-piece random coefÞcient model is deÞned as follows:
where I is the indicator function and ␣ i0 ,␣ i1 , ␤ i0, ␤ i1 , and ij are all random variables and usually are assumed to be normally distributed, i.e.,
, and ij Ϸ N͑0, 2 ͒.
Here the parameters of interests are ␣ 0 ,␣ 1 representing the mean interceptor and slope of the Þrst piece and ␤ 0, ␤ 1 for the second piece.
2006 Study. The pilot IPM scouting program was expanded in 2006 to include Ͼ300 snap bean Þelds and 2,080 ha. Because of the border aggregation behavior observed during the previous 2 yr, Þeld scouts were instructed to take separate samples along the edges of bean Þelds adjacent to corn Þelds. For the "in-Þeld" sampling, 10-sweep samples were taken at 10 random locations in the Þeld. Scouts typically walked a Zshaped pattern in the Þeld in an effort to obtain samples from all areas of the Þeld. In the "Þeld-edge" sampling, 10-sweep samples were taken at Þve locations in the two bean rows adjacent to the corn Þeld if the bean rows were parallel to the edge of the Þeld. If the bean rows ran perpendicular to the cornÐ bean interface, samples were taken within the Þrst meter along the Þeld edge. Forty Þelds with cornÐ bean interfaces were sampled.
Mean number of beetles per 10 sweeps were calculated for the within Þeld and the Þeld edge areas for each of the Þelds with cornÐ bean interfaces. A simple linear regression model was calculated using PROC REG (SAS Institute 2004).
Results
-2005.
Western spotted cucumber beetle was highly aggregated along the corn-bean interface in all six bean Þelds sampled (Fig. 1) . The highest numbers of beetles occurred within 1 m of the Þeld border in 47 of the 48 total transects sampled in the six Þelds. Beetle counts declined sharply after 8 m from the Þeld border. One bean Þeld (Silbernagle) had corn bordering on two sides of the bean Þeld, and aggregations occurred along both edges next to the corn (Fig. 1, F) . Because of these confounding effects, the Silbernagle Þeld was not included in the random coefÞcient modeling discussed below.
In the remaining Þve Þelds, the two-piece linear random coefÞcient modeling shows that all Þelds share the same Þndings: (1) the mean slopes of the Þrst piece (␣ 1 ) are all signiÞcantly negatively estimated, with all P Ͻ 0.003 (Table 1 ). This suggests that near the edge (within 30 m), western spotted cucumber beetle abundance does decrease signiÞcantly as the location moves away from the edge. (2) The mean slope (␤ 1 ) of the second piece is not signiÞcantly different from zero for all Þelds, with all P Ͼ 0.13. This suggests that for the areas that were Ͼ30 m away from the edge, the western spotted cucumber beetle abundance did not change signiÞcantly. Note that for all Þelds, the estimated ␣ 0 and ␣ 1 are very different from ␤ 0 and ␤ 1 , which supports the use of a two-piece random coefÞcient model.
Beetles in the aggregation areas were primarily females (Table 2) , with the female to male ratio for the seven Þelds averaging 8.4 Ð1. In the two Þelds in 2005 where samples were taken in the Þeld area away from the aggregations, the female to male ratios were both 0.6 Ð1.
Of the females collected in the aggregation areas, an average of 53% contained developing or fully developed eggs (Stages 2 and 3); however, an average of 31% contained no evidence of egg development (Ta- ble 2). In the two Þelds where beetles were collected in the areas away from the aggregation, an average of 17% of the females contained developing or developed eggs and 66% of the females contained no eggs.
The GPS analysis of the spatial relationship of bean Þelds to sweet corn Þelds showed that 26% of the Þelds were located within 20 m of a sweet corn Þeld in 2005.
2006. Of the 40 Þelds with beanÐ corn interfaces, 38 of the Þelds had greater average numbers of beetles in the margins than in the Þelds. In the regression analysis, there was a remarkable correlation between the number of beetles in the Þeld and the number in the Þeld edges (R 2 ϭ 0.99; Fig. 2 ). The prediction model was Y ϭ 0.17 ϩ 1.97X, where Y ϭ the number of beetles per 10 sweeps in the Þeld edge and X ϭ the average number of beetles per 10 sweeps within the Þeld. On average, there were approximately twice as many beetles along bean Þeld margins next to corn Þelds.
Discussion
Because corn is a preferred host for larval western spotted cucumber beetles (Rockwood and Chamberlin 1943) , it seems likely that western spotted cucumber beetle females are using the edge of the bean Þeld as a staging area for ßights into the corn to lay eggs. Adult beetles were observed in all of the corn Þelds next to the bean Þelds sampled in our study. Although western spotted cucumber beetles can be commonly observed feeding on pollen in corn Þelds, none of the corn Þelds in this study were pollinating. Females may be "commuting" back and forth between the food source (beans) and oviposition sites (corn); however, we did not mark beetles to test this movement hypothesis.
IPM scouting programs are typically designed to collect data from all sections of a crop Þeld but do not typically involve sampling along Þeld edges. Our data suggest that, if a bean Þeld has edges near a sweet corn Þeld, the typical IPM sampling plan would likely miss signiÞcant aggregations of beetles. These aggregations could potentially cause catastrophic economic losses to the grower (rejection of the truck load, or possibly rejection of the entire bean Þeld by the processor), because beetle counts in the aggregation areas ranged as high as 80 beetles per 10 sweeps. Economic injury levels for western spotted cucumber beetles in snap beans were reported to be three beetles per 10 sweeps by Weinzierl et al. (1987) . Of the 40 Þelds sampled in 2006 with cornÐ bean interfaces, if only the in-Þeld data were used, beetle estimates in 27 of the Þelds were below the three beetles per sweep treatment threshold. If, however, the data from the Þeld borders are included in calculating the Þeld mean, nine of the Þelds exceeded the threshold value and pesticide application would have been recommended.
Another application of beetle aggregation data in developing IPM strategies would be for growers to strip spray only the edges of the Þeld where aggregations occur. Because the width of the aggregation area along the border of the bean Þeld is generally Ͻ3 m (Fig. 1) , spraying only the border would offer the potential for reducing bean acreage receiving pesticide applications.
Although the data from the 2006 study also showed beetles to be aggregated in Þeld borders, there was a remarkably consistent ratio of approximately two bee- tles in the border area compared for each beetle in the Þeld. In the 2004 and 2005 studies, numbers in the Þeld borders were much higher than those collected within the Þeld. We do not have an explanation for the differences in the relative aggregation densities among the years, nor for the consistent ratio of beetles in the borders across the Þelds in the 2006 study. Most Þelds in all 3 yr were sampled during the same 2-to 3-wk period in July. Perhaps in the 2004 Ð2005 Þelds, beetles aggregated in the borders for a longer time, increasing their density, whereas in 2006, they may have passed through the border areas more quickly.
